Background and objectives: Management of incidental renal artery and kidney abnormalities in patients undergoing computed tomography scans is a clinical challenge because their frequency in healthy subjects has not been precisely estimated. Therefore, the prevalence and management of these abnormalities were determined among a large cohort of potential kidney donors undergoing protocol evaluations.
P otential living kidney donors are a useful population in which to examine the prevalence and perceived significance of renal artery and kidney abnormalities in asymptomatic healthy adults because the donors undergo a rigorous evaluation for underlying disease that might preclude donation. Although the evaluation protocols vary between transplant centers, general guidelines have been developed (1) . In addition to the standard history and examination, a laboratory evaluation is performed. Patients who have an abnormally low GFR, proteinuria, or significant risk factors for chronic kidney disease (e.g., diabetes mellitus) are not approved for kidney donation (2) . Protocol renal imaging has also become a component of the potential kidney donor evaluation. Imaging of the kidneys and renal vessels not only defines surgical anatomy but also detects occult pathology that might preclude donation (3) . Prior studies examining the prevalence of radiographic kidney abnormalities in normal adults have been limited by small sample size (4 -20) . The purpose of this study is to determine the variety and prevalence of incidental renal artery and kidney abnormalities present by computed tomographic (CT) angiography and urography among asymptomatic healthy adults. In addition, we assessed whether these abnormalities differed by age or gender, reviewed their clinical management, and assessed their effect on approval for donation.
Materials and Methods

Study Population
As part of a standardized protocol instituted in 2000, all potential kidney donors at the Mayo Clinic underwent CT angiography and urography to evaluate anatomy and identify abnormalities of the renal arteries and kidneys. Before the clinic visit and CT scan, all potential donors were prescreened. Based on a telephone interview with a transplant nurse, potential donors were excluded from further evaluation if they reported diabetes mellitus, use of more than one antihypertensive medication (two medications were permitted if one was a thiazide diuretic), severe obesity, active drug use, active psychiatric disorders, hepatitis, HIV, significant cardiovascular disease, or a history of urologic procedures that would preclude donation. Potential donors who reported a history of nephrolithiasis on the telephone interview were often asked to complete a 24-hour urine study for kidney stone risk factors and could be excluded if marked abnormalities were detected. The remaining potential donors underwent further evaluation at a clinic visit that included a prescheduled CT angiography and urography of the kidneys. The serum creatinine level was reviewed by the radiologist before administration of contrast. All potential kidney donors that underwent a standardized CT scan between March 30, 2000, and July 23, 2008, and had research authorization in accordance with Minnesota State law were reviewed for clinical, laboratory, and radiographic findings.
CT Scans
CT examinations were interpreted by radiologists with specialized interest in genitourinary imaging. From 2000 to 2005, all CT exams were acquired on the same modified four-channel multidetector CT scanner (Qxi; GE Medical Systems, Milwaukee, WI) with a modified tabletop, which permitted the acquisition of both axial CT images and traditional film-screen urograms (21) . Precontrast axial CT scans were followed by a CT angiogram (standard prep delay of 15 to 18 seconds after intravenous contrast administration). A nephrographic-phase CT exam (obtained 55 seconds after intravenous contrast injection) was then performed. Ureteral compression balloons were inflated over the lower abdomen 2 minutes after intravenous contrast injection, and a traditional 8-minute overhead film-screen urogram was obtained. An excretory-phase CT scan and a 10-minute film-screen urogram could be obtained at the discretion of the radiologist.
Beginning in September of 2005, all renal donor CT evaluations were obtained on a 64-channel multidetector CT scanner (Sensation 64; Siemens Medical Solutions). A precontrast spiral CT scan was obtained followed by a CT angiogram acquisition using bolus-timing software. Nephrographic CT images were acquired 55 seconds after the start of the intravenous contrast injection. Ureteral compression balloons were inflated 2 minutes after the injection, and enhanced topographic images were obtained at 8 minutes and at 10 minutes. Excretory-phase CT imaging could be obtained at the request of the radiologist 10 minutes after the injection. Automated coronal reformatted images were obtained from all axial series acquisitions, and 3D volume rendered images were obtained at an independent workstation by dedicated 3D technologists.
CT scan reports were manually reviewed (E.C.L.). Initially, the 10 first, the 10 middle, and the 10 last reports were reviewed to determine renal artery and kidney findings that were being reported. An electronic database was created to abstract these and other typical imaging findings, with a "comment" field to capture any unexpected findings. Stones identified by the radiologist as being "tiny" were labeled as 0.5 mm in diameter. If the size of the largest stone or the number of stones was not specified in the report, the CT images were reviewed. Renal artery narrowing, atherosclerosis, and calcification were grouped together. Any mention of caliectasis, pyelectasis, or a generous, dilated, or prominent collecting system was identified as upper urinary tract dilation. Renal masses or cysts were identified as indeterminate if the radiologist described them as "indeterminate" or "suspicious" or if a renal ultrasound was pursued after the CT scan to further characterize the mass or cyst. Polycystic kidney disease was identified if the radiologist described findings consistent with polycystic kidney disease or it was later diagnosed in the medical record. Reports of simple cysts or angiomyolipomas were not abstracted.
Other Donor Characteristics
To characterize the population, all charts were manually reviewed for race, BP, body mass index, comorbidities (past symptomatic kidney stones, diabetes, hypertension, history of urinary tract infection, and history of symptomatic cardiovascular events (stroke, myocardial infarction, heart failure, or peripheral arterial disease)), and habits (alcohol use and cigarette smoking). Protocol laboratory studies were obtained, including GFR (iothalamate clearance), 24-hour urinary albumin excretion, cholesterol, fasting glucose, serum uric acid, serum calcium, and serum phosphorus. The clinical notes of all potential donors with CT scan abnormalities who were not approved for kidney donation were further reviewed to determine whether the radiographic abnormality contributed to exclusion from donation. Further management for each radiographic abnormality was also noted. Abnormal radiographic findings were grouped into the following categories: absolute contraindication (always led to exclusion from donation), relative contraindication (sometimes led to exclusion from donation), and perceived clinically irrelevant (never led to exclusion from donation). Most approved donors underwent a left-sided, hand-assisted laparoscopic nephrectomy (right-sided if indicated based on abnormalities or renal artery variants).
Statistical Analyses
The prevalence of each radiographic abnormality was estimated and compared by gender, age group (Ͻ30, 30 to 39, 40 to 49, 50 to 59, and Ն60 years), and between approved and not approved potential donors. Exact binomial confidence intervals are presented for the overall prevalence estimates. Logistic regression models compared the likelihood of each abnormality by gender with and without adjustment for age and by age with and without adjustment for gender. In subgroup analysis of kidney stones, the number of stones, the diameter of the largest stone, and the proportion with bilateral stones were compared between approved and not approved potential donors using rank sums test (continuous) or 2 test (categoric). All analyses were performed with SAS version 9.1.
Results
Prevalence of Radiographic Abnormalities
The study sample consisted of 1957 potential living kidney donors, who were 58% female and who had a mean age of 43 years (1130 women (44 years), 827 men (42.6 years), P ϭ 0.0053) ( Table 1) . Reported renal artery findings on CT scan included accessory renal arteries (43%), fibromuscular dysplasia (2.7%), atherosclerosis or narrowing or stenosis other than fibromuscular dysplasia (5.3%), and dilations or aneurysms (0.6%) (Table 2). Reported kidney parenchymal abnormalities on CT scan included tubular ectasia (medullary sponge kidney) (2.0%), focal scarring (3.6%), indeterminate masses (1.4%), parenchymal calcifications (1.1%), diffuse thinning or atrophy of either kidney (0.9%), polycystic kidney disease (0.3%), and chronic inflammatory changes (0.05%). Other abnormalities reported on CT scan were kidney stones (11%), upper urinary tract dilation (2.5%), malrotation (0.7%), congenital lobulation (0.5%), solitary or horseshoe or pelvic kidney (0.2%), and perinephric edema (0.05%).
Men were more likely than women to have accessory renal arteries, whereas women were more likely to have fibromuscular dysplasia, focal scarring, atrophy of either kidney, or upper urinary tract dilation. Likelihood of kidney stones did not vary by age or gender. Older age was associated with fibromuscular dysplasia, other renal artery narrowing or atherosclerosis, focal scarring, parenchymal calcifications, and indeterminate masses, whereas polycystic kidney disease and congenital abnormalities had borderline associations with younger age (Table 3) . Notably, four of six potential donors with polycystic kidney disease were related to a potential recipient with this disease.
Management of Radiographic Abnormalities
The majority (75%; n ϭ 1469) of potential kidney donors had no radiographic abnormalities on CT scan (Figure 1 ), including individuals with accessory renal arteries and congenital lobulation because these findings were never considered harmful such that they precluded donation. Radiographic abnormalities that were absolute contraindications to donation were found in 0.5% (n ϭ 10) of potential donors and included polycystic kidney disease, solitary or horseshoe kidney, and pelvic kidney. All other abnormalities were considered relative contraindications and occurred in 24% (n ϭ 478) of potential donors. Of all persons with radiographic abnormalities of the renal arteries or kidneys (n ϭ 488), the abnormalities contributed to exclusion from donation in 27% (n ϭ 132). Figure 2 depicts the percentage of persons for each radiographic abnormality that were excluded from donation because of the abnormality. Kidney stones were the most common radiographic abnormality that contributed to exclusion from donation, followed by parenchymal abnormalities and renal artery abnormalities (Figure 3) .
The management of incidental renal artery abnormalities varied. Renal artery narrowing or stenosis or atherosclerosis (n ϭ 103) contributed to 21 patients not being approved for kidney donation. Of these, four were started on either new or additional antihypertensive medications for concurrent hypertension, and none underwent revascularization procedures. Fibromuscular dysplasia (n ϭ 54) contributed to 17 patients not being approved for kidney donation. Of these, two were started on either new or additional antihypertensive medications for concurrent hypertension, and none underwent revascularization procedures. Renal artery dilation (n ϭ 12) contributed to six patients not being approved for kidney donation, where the dilation was interpreted as an aneurysm. Five of these six patients were advised to follow up with vascular surgery or undergo repeat imaging. One patient was also started on an antihypertensive medication for concurrent hypertension.
For most parenchymal abnormalities, there were no interventions other than monitoring, and the severity of the abnormality influenced exclusion from kidney donation (Figure 2 ). One potential donor was excluded for suspected chronic inflammatory changes in the right kidney parenchyma. Another potential donor had minimal diffuse perinephric soft tissue edema or thickening bilaterally, and these findings did not lead to exclusion from donation. Indeterminate or suspicious renal masses (n ϭ 27) on CT scan were further evaluated with ultrasound and were found to be benign in 11 patients and considered benign on rereview of the CT scan images for two patients. Of the remaining 14 patients in which the mass contributed to donor exclusion, four underwent surgical resection (three renal cell cancers and one papillary adenoma on gross pathology) and 10 were advised to undergo surgical resection or follow-up imaging at other institutions.
Kidney stones were detected in 210 potential donors. These stones specifically contributed to 51 persons not being approved for donation, whereas another 39 with stones were excluded from donation for other reasons. Characteristics associated with exclusion versus approval for kidney donation were the mean number of stones (3.0 versus 1.9; P ϭ 0.0053), bilateral stones (36% versus 18%; P ϭ 0.0034), and mean diameter of largest stone (2.8 versus 1.4 mm; P ϭ 0.0005). The one patient with a staghorn calculus was excluded from kidney donation. One patient underwent ureteroscopy with laser lithotripsy before donation, and another underwent unsuccessful attempted ureteroscopic stone removal before donation. Nine patients were started on medical therapy (potassium citrate in two and thiazide diuretic in seven). Five of these medically treated stone patients were accepted as donors. Upper tract dilation (n ϭ 49) contributed to two patients not being approved for donation. Both patients had dilation extending from the renal pelvis into the ureter, but without evidence of an obstructing lesion. Malrotation of a kidney (n ϭ 14) contributed to donor exclusion in one patient who had severe malrotation of the middle and lower segments of her right kidney.
Discussion
Incidental renal artery and kidney abnormalities were commonly present on CT angiography/urography of potential kidney donors, affecting 25% of these ostensibly healthy adults. The most common findings were kidney stones (10.7%), renal artery narrowing or atherosclerosis (5.3%), focal scarring (3.6%), fibromuscular dysplasia (2.8%), and upper urinary tract dilation (2.5%). Fibromuscular dysplasia, focal scarring, parenchymal atrophy, and upper urinary tract dilation were more common in women than men. Renal artery narrowing or atherosclerosis, focal scarring, and indeterminate masses increased with age. Most radiographic abnormalities were not perceived to be harmful enough to prevent kidney donation and only contributed to exclusion from donation in 6.7% of all potential donors. Even when these incidental abnormalities contributed to donor exclusion, there were usually no specific interventions recommended other than monitoring. These findings highlight the need for outcome studies to inform the clinical significance of incidental renal artery and kidney abnormalities detected by CT angiography/urography. In general, the prevalence of renal artery abnormalities in our study was comparable to that found in other studies. Accessory renal arteries involved 29% of left kidneys and 27% of right kidneys, similar to the previously reported prevalence of 16% to 32% in left kidneys and 22% to 39% in right kidneys (15, 16, (22) (23) (24) (25) . Renal artery narrowing or atherosclerosis was strongly associated with age, consistent with the progression of atherosclerotic plaques with aging.
The prevalence of renal artery narrowing or atherosclerosis in our study (5.3%) is much lower than the 29% prevalence of incidental renal artery calcification seen in another study involving older individuals undergoing CT scans for various medical reasons (26) . Other reports of fibromuscular dysplasia in potential donors identified a prevalence of 3.8% to 4.4% using conventional angiography, with 75% being women (27, 28) , compared with the 2.7% prevalence by CT angiography in our study (with 81% being women). The 0.6% prevalence of renal artery dilation in our study compares with 1.3% in another study of potential kidney donors (29) .
An indeterminate mass was detected in 1.4% of potential donors, higher than the 0.4% prevalence in another study involving potential donors (30) and the 0.6% prevalence in trauma patients undergoing abdominal CT imaging (31) . Our study also found a much higher prevalence of kidney stones (11%) than prior studies that used CT scans in asymptomatic healthy adults (3.2% to 6.1%) (11, 32, 33) . The higher prevalence is likely related to interval advances in CT technology, including improved spatial resolution as well as dedicated assessment of the kidneys in kidney donor evaluations compared with other settings. Medullary sponge kidney has been identified in 0.5% to 1.0% of patients undergoing conventional urog- raphy for clinical indications (34, 35) . In our study, we found a higher prevalence of 2.0%, suggesting that CT urography may be more sensitive for detecting this abnormality. Upper urinary tract dilation in the absence of an obstructing lesion occurred in 2.5% of our potential donors. It was generally mild, more common in women and, unless there was ureterectasis, did not lead to exclusion from donation. Prior pregnancies (36, 37) or prior stone passage may explain this finding. The prevalence of focal scarring (3.6%) in our study was comparable to another study that reported focal areas of renal volume loss in 8 (6%) of 126 potential donors by CT scan (16). (26) 161 (33) 173 (29) 107 (26) 57 (29) 0.46 0.59 Ͼ1 right renal artery 70 (27) 133 (27) 165 (28) 107 (26) 53 (27) Congenital abnormalities were generally uncommon. Previous studies have estimated the prevalence of horseshoe kidneys to be approximately 0.2% (38, 39) , similar to the one patient (0.1%) we report. Pelvic kidney is felt to occur in 1 of 500 to 1200 live births (40) , also consistent with the 2 of 1957 potential donors in our study. Isolated malrotation (0.7%), which occurs when the kidney fails to rotate normally along its vertical axis, and congenital lobulation (0.5%), a remnant of normal renal development (41), were both slightly more common than other congenital abnormalities. These findings generally had little effect on donor selection except for severe malrotation.
The perception that radiographic abnormalities of the renal arteries and kidneys are harmful, such that the potential donor should be excluded from donation, varies between transplant centers. Risk stratification based on most radiographic findings is largely opinion-based and may be influenced by the type of imaging modality used (42) . We found that 132 (6.7%) of 1957 of our potential donors had radiographic abnormalities of the renal arteries or kidneys that were perceived as contraindications for kidney donation, compared with 38 (11%) of 333 (42), 5 (4.0%) of 126 (16) , and 3 (1.9%) of 159 (43) in other studies that used CT angiography/urography. This discrepancy between centers suggests a need for further research on the clinical relevance of these abnormalities. Unlike serum creatinine and urine albumin, there is a paucity of data on the risk of end-stage renal disease or mortality with these radiographic abnormalities. The 25% prevalence of these abnormalities also raises the possibility that CT angiography/urography could potentially improve risk stratification in patients with early chronic kidney disease.
There are several potential limitations and strengths to this study. Potential kidney donors undergo prescreening with a telephone interview and have a lower burden of comorbidities (particularly diabetes and past cardiovascular events) compared with the general population. Thus, the true prevalence of radiographic abnormalities of the renal arteries and kidneys is likely higher in the general population than in potential kidney donors selected on health. To our knowledge, there are no general population studies with CT angiography/urography assessment of the renal arteries and kidneys. Although many centers exclude potential donors based on history, exam, and laboratory tests before undergoing CT scans, the potential donors in this study underwent CT scans as part of the initial evaluation, which limited some of the selection bias. The CT scan technology changed over the 9-year study period, but this did not lead to substantive changes in prevalence estimates of abnormalities (data not shown).
In conclusion, incidental radiographic abnormalities of the renal arteries and kidneys are common, some increase with age, and some differ by gender. Most are not perceived to be harmful enough to prevent kidney donation. Future studies are needed to establish the clinical relevance of these abnormalities by relating them to other markers of kidney injury and to clinical outcomes, particularly progressive chronic kidney disease and end-stage renal disease. Figure 3 . The primary radiographic abnormality of the renal arteries or kidneys that contributed to exclusion from donation for 132 potential kidney donors.
